A new infertility syndrome has recently been described in Finnish Yorkshire boars. Typical for the syndrome is total akinesia and severe tail malformation of the spermatozoa. Morphometric analysis was performed on semen smears from 20 affected and 18 control boars and on testicular tissue sections from 5 affected and 4 control boars. Semen morphometry revealed that, in affected boars, the length of the sperm tails was only 33% of that of the controls (15.4 m vs. 47.0 m, P Ͻ 0.0001). Typical for the spermatozoa of affected boars was also an abundant frequency of proximal cytoplasmic droplets (72.4% vs. 6.9%, P Ͻ 0.0001), whereas no major sperm-head abnormalities were recorded. In the testicular tissue samples, viewed at light microscopic level, the volume densities of seminiferous tubules or interstitium did not differ. The most characteristic change in the seminiferous epithelium of the affected boars was a reduced number of elongated spermatids. Densities of Sertoli cells and Leydig cells between affected and control boars did not differ. The ultrastructure of testicular tissue from affected boars showed severe alterations in the assembly of the midpiece and tail of the spermatozoa. As well, a typical finding in the seminiferous epithelium of affected boars was conspicuous deposition of lipid droplets. The pathogenesis of this syndrome severely affects spermiogenesis and motility. Spermatozoa have malformed, short tails, which never become motile. This syndrome is not manifested in the structure or function of other ciliated cells in the affected animals.
Among numerous hereditary sperm-tail defects, one of the most recently described is the short-tail sperm defect in Yorkshire boars. 3 This defect was first observed in 1987 in a sterile Finnish Yorkshire boar used for breeding (natural mating) on a farm. Recently, the number of affected boars has rapidly increased in Finland, but thus far, no reports have been registered from other countries. Macroscopically, the testicles of affected boars do not differ from control specimens matched by age and breed. 2 Characteristic for the syndrome is the reduced number of spermatozoa in the semen. Moreover, the spermatozoa are immotile, with obvious malformations in the tail structure, including an abundance of proximal cytoplasmic droplets, short tails, rudimentary short tails, and coiled short tails. 3 Especially at the ultrastructural level, outstanding characteristics were malformations of the midpiece with severe defects in the axonemal complex. 3 Pedigree studies suggest that the defect is caused by a single autosomal recessive gene with complete penetrance. 3 The gene defect has been approximated to be surpris-ingly common in Finnish Yorkshire breed swine; at least one fourth of the Finnish Yorkshire artificial insemination boars in use in 1999 were estimated to be heterozygous carriers. 15 The aims of the present study were to describe the histopathology of this syndrome and estimate the phase of spermatogenesis affected by this hereditary defect.
Materials and methods
Identification of cases. The Saari unit of the Department of Clinical Veterinary Sciences (University of Helsinki) serves as a national reference laboratory for semen specimens from national artificial insemination (AI) centers. Semen samples or testes and epididymides of on-farm breeding boars suspected to be infertile are also sent there by farmers. The 53 boars identified with the sterilizing short-tail spermatozoa syndrome were either on-farm mating boars or boars intended for use in AI. The diagnosis of this syndrome is based on pathognomic findings in testicular, epididymal, or ejaculated spermatozoa. The criteria for diagnosis were 1) a typical morphologic picture of spermatozoa having only a short tail and 2) none of the epididymal or ejaculated spermatozoa were motile. The diagnosis was made by phasecontrast microscopy.
Tissues. Testicles of 5 affected boars and 4 age-and breed-matched controls were obtained from slaughterhouses for histopathologic studies. The tissue samples were fixed as soon as possible in Bouin fixative and then embedded in paraffin. To minimize variation in thickness, 5-m-thick tissue sections were cut simultaneously from all paraffin blocks and stained with hematoxylin and eosin for morphometric study.
For morphometric analyses of spermatozoa, semen smears were prepared from fresh semen of 20 affected and 18 normal boars serving as age-and breed-matched controls. Semen samples were diluted with equal parts of MR-A, a a liquid semen extender, and smeared and stained with Giemsa stain according to Watson. 14 Cell suspensions from unfixed testicles of 2 affected boars were squeezed out from the ductuli efferentia (cutting the surface between the testicle and caput epididymidis). Cilial movements of epithelial cells from the ductuli efferentia were observed under light microscopy.
Morphometry. Quantitative image analysis was perfomed on digitalized light microscopy views of spermatozoa and testicular samples by use of imaging software b coupled to a digital camera. c Morphological parameters of spermatozoa were manually measured with the software on images of 10 random spermatozoa from each boar. The area of the sperm head, the longest and the shortest axes of the sperm head, the total length of the sperm tail, and the length of the midpiece were recorded. The proportion of proximal cytoplasmic droplets was determined by counting 100 spermatozoa from each boar. Six tissue-section images of both the left and the right testicles from each animal were analyzed accordingly. Images were randomly collected from testicular tissues, avoiding connective tissue septa (particular fields were moved in a random direction until the septa were out of view). The total tissue area was recorded as well as the area of seminiferous tubules and the area of interstitium in that particular field. To analyze the absolute cross-sectional value of each seminiferous tubule, the area as well as the longest and the shortest axes of the tubule were recorded. Comparisons of true cross-sectional areas were performed on images that had a ratio of longest to shortest axis from 0.9 to 1.0. The number of Leydig cell nuclei in the interstitium was counted as well as the number of Sertoli cell nuclei in the seminiferous tubules. The density of the cells in the seminiferous epithelium was counted in the categories Sertoli cells, spermatogonia, spermatocytes, round spermatids, and elongated spermatids. The data are presented as numbers of nuclei per total tubule area.
Ultrastructural observations. For transmission electron microscopy (TEM), d small (1-mm-thick) specimens of testis tissue from 2 affected boars were excised and immersion fixed with 2.5% glutaraldehyde solution in phosphate buffer (0.1 M, pH 7.3) and stored at 4 C. Thereafter, the specimens were rinsed in phosphate buffer at 4 C, trimmed into smaller (1-mm 3 ) selected pieces, and posttreated in 2% osmium tetroxide. The tissue blocks were then dehydrated by exposure to graded concentrations of ethanol and acetone and embedded into Epon d plastic resin. Ultrathin sections for transmis- sion electron microscopy (TEM) were cut from selected areas, picked up, and placed onto uncoated copper grids, counterstained with uranyl acetate and lead citrate, and examined with a TEM microscope e,f at 60-80 kV. The resultant micrographs underwent qualitative study.
Statistics. Data are presented as a group average and the standard deviation calculated from averages of the measurements from each individual animal. Student's two-sample ttest with unequal variances was used to compare affected and control animals. P-values less than 0.05 were considered statistically significant.
Results
Thus far in Finland, 53 cases of this particular infertility syndrome have been identified. Annual case numbers have increased rapidly. Between the years 1987 and 1997, 3 boars had this defect; in 1998, 9 were found; and by 1999, the number reached 19. During the past 20 months (from January 2000), 22 more affected boars were identified.
Sperm morphology. In fixed semen smears, clearcut differences were apparent between affected and control boars (Fig. 1a, 1b) . Typically, sperm tails in the affected boars were short and sometimes rudimentary or coiled, and proximal cytoplasmic droplets were abundant. The morphometry of the sperm heads did not differ between groups, but the total length of the sperm tails was significantly reduced in affected boars, being only one third of the length of the control boars (Table 1 ). Both major domains of the sperm tail, i.e., the midpiece and the principal piece with the end piece, were reduced in length (Table 1 ). In the semen of affected boars, proximal cytoplasmic droplets existed, on average, in 72% of the spermatozoa (range: 24-99%) compared with 6.9% (0-37%) in control boars (P Ͻ 0.0001). Not only was the structure of the spermatozoa affected, but also the total number of spermatozoa was markedly diminished in affected boars.
Histopathology. Testicle specimens from affected boars were histologically distinguishable from those of control boars. The most obvious finding was a reduced number of elongated spermatids in the seminiferous tubules ( Fig. 2a vs. 2b) . The number of seminiferous tubules in which spermatids could be found was equal to that of control tissues, but the number of mature spermatids in each tubule was far less. Morphometry revealed no changes in the volume density of seminiferous tubules or in the absolute cross-sectional area of the tubuli (Table 2) . When cell densities in the seminiferous epithelium were randomly counted, no changes existed in the proportion of Sertoli cells or cells in different phases of spermatogenesis before the spermiogenic phase (Fig. 3) . In spermatids undergoing spermiogenesis, the number of round spermatids did not differ statistically between controls and affected specimens, but the number of elongated spermatids was significantly (P Ͻ 0.001) reduced in affected boars. Between controls and affected boars, neither the number of Leydig cell nuclei nor the density of the interstitium differed statistically. In freshly squeezed cell smears from affected boars, ciliated cells of the lining epithelium of the ductuli efferentia showed normal, fast-moving ciliary movements.
Ultrastructure. In affected boars, conspicuous lipid droplets of various sizes were easily recognized in the basal cytoplasm of the Sertoli cells ( Fig. 4 ) and occasionally in the interstitial cells. Such lipid droplets, when present in control specimens, were smaller in size and in number per section (data not shown). The sperm heads in the affected boars seemed to have developed normally, but the construction of the tail showed clear disorganization already at this level of development. The development of the implantation fossa and the proximal centriole seemed normal (Fig.  5a ), but the organization of individual mitochondriae to build the mitochondrial sheet as well as the organization of the coarse fibers were severely disturbed in affected specimens compared with the situation in controls ( Fig. 5b, 5c ).
Discussion
In the affected boars, the spermatozoa were immotile, but no increased amounts of morphologic abnormalities were found among the sperm heads. Sterility of the affected boars was thus obviously due to the total immotility of all ejaculated spermatozoa, an akinesia apparently caused by midpiece and tail malformations of hereditary origin. Akinesia per se is able to cause infertility without involving sperm-head ab-normalities. However, up to the present, no in vitro fertilization or intracytoplasmic sperm-injection (ICSI) experiments with spermatozoa from affected boars have been performed. However, because the defect is shown to be recessively inherited, 11 the affected boars are thus homozygous and the defect cannot be lethal for embryos.
In addition to structural malformations, the density and the total sperm count in the ejaculates were also reduced in affected boars. Sperm maturation takes place both in the seminiferous epithelium and in the ductus epididymides. We discovered here that, because this defect was already manifested during spermiogenesis, it can be classified as a primary sperm defect. 5 A similar specific defect, the so-called tail-stump defect of the sperm of Ayrshire bulls, is of testicular origin, but in these bulls, the tail is rudimentary or totally absent. 9, 13 In affected boars, the tail is, however, mainly present but is only one third of the normal length.
Testicles of affected versus normal boars do not differ in size. 2 No differences existed in the volume of seminiferous tissue. Thus, the reduced number of spermatozoa in ejaculates must be due to a lower number of elongated spermatids resulting from a disturbance either in meiosis or in the first steps of the differentiating spermiogenesis (round spermatids) or in the function of Sertoli cells, which, in the affected boars, presented an abnormal accumulation of lipid droplets in their basal cytoplasm. This was a striking difference in ultrastructure between the affected and controls, and it may reflect an abnormality in the function of the Sertoli cells; such a relationship is yet to be disclosed.
Considering morphologic and quantitative findings, Leydig cells were apparently unaffected. The libido of these affected boars was clinically normal, and con-Hereditary sterilizing short-tail sperm defect centrations of testosterone in blood serum from 1 studied affected boar were normal before and following a gonadotrophin-releasing stimulation test with buserelin e (Andersson, unpublished data) . However, larger studies are to be undertaken in order to determine any relationship between testosterone production/release and the function of Sertoli cells/spermatogenesis and, more in detail, the underlying mechanism by which the genetic defect affects spermatogenesis and leads to this syndrome.
The finding that heterozygous carrier boars (fathers of affected boars) have a normal number of spermatozoa in their ejaculates suggests that the haploid spermatids carrying the defective gene can get the normal functional protein or other substance either from other spermatids not carrying the defective gene or from the Sertoli cells, which are diploid cells. This remains to be studied in the future. If the defective gene product is barely needed for proper assembly of tubulin-based microtubules of the sperm tail only, no negative influence on reproduction should be observed in homozygous females. Homozygous females do seem, thus far, to be fertile and to produce litters of normal size. 11 A recent study on human genetic sperm defects classified specific defects of spermatozoa as stunted-tail, detached-tail, Kartagener's syndrome, miniacrosome, and round-headed spermatozoa. 4 The first 3 of these defects affect the tails of the spermatozoa. Kartagener's syndrome, or immotile cilia syndrome, is a specific defect of the dynein arms in the individual, 1 causing a general cilia defect, with typical respiratory manifestations and, in males, causing sperm akinesia. We have already shown that the ultrastructure of the ciliated epithelium in the respiratory tract of affected boars is intact. 3 We were able to show that the function of the ciliated epithelium of the efferent ducts in otherwise affected boars was also apparently normal, e.g., the ciliae of isolated cells in vitro moved vigorously. This sequence of data led us ultimately to conclude that the short-tail sperm defect affecting these Yorkshire boars is not a general cilia defect like the immotile-sperm defect in pigs or Kartagener's syndrome in humans or in dogs. [6] [7] [8] 10, 16 In the detached spermatozoa syndrome reported in boars, only tailless heads or headless tails are found in the ejaculate, which is strikingly different from the findings in the defect described here. 12 The stunted-tail syndrome in humans includes both a stump defect and a short-tail defect, 4 which are ultrastructurally described as fibrous sheet dysplasia. This syndrome has some similarities with the short-tail syndrome in boars and can hypothetically be caused by a different mutation in the same gene.
Intriguingly, affected Yorkshire boars have thus far been reported only from Finland. A new genetic study including microsatellite mapping localizes the defect to pig chromosome 16. 11 In the same study, the pedigree analysis identified 1 common ancestor of the affected boars from 10-15 generations past (1982) . Thus far, the specific gene has not been identified, but genetic markers have recently been introduced to enable an early diagnosis of carriers.
To conclude, the presented data suggest that the underlying genetic defect strikes in a late phase of spermatogenesis during spermiogensis, when assembly of the tail takes place. In future studies, this defect may prove also to be an important model for general molecular biology of spermatogenesis in mammals.
